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Sediment resuspension was quantified in shallow, sheltered and semi-exposed coastal areas 
in the Gulf of Finland. Cylindrical sedimentation traps were placed at six locations includ-
ing emergent aquatic vegetation stands (Phragmites australis), submerged vegetations 
stands (Myriophyllum spicatum, Potamogeton pectinatus and Potamogeton perfoliatus) and 
unvegetated shallow (1–1.5 m) areas. During the study period (19 May–29 September 2009, 
sampling interval of two weeks), there was a seasonal development of macrophyte stands, as 
well as variation in suspended matter and sediment resuspension. The resuspension-inhibit-
ing effect of macrophytes was found as decreasing resuspension values in concordance with 
the increasing macrophyte density during the growing season. However, measured phos-
phorus resuspension was highest among emergent macrophytes due to high concentration 
of phosphorus in sediments. A linear regression model for resuspension in shallow coastal 
areas was developed with which sediment resuspension rate may be predicted.

Introduction

In shallow areas, sediment–water interaction 
is an intensive ongoing process due to water 
movement caused by wave action (Carper and 
Bachmann 1984, Floderus and Håkanson 1989, 
Floderus and Pihl 1990, Bengtsson and Hell-
ström 1992). This interaction transfers particles 
and nutrients from sediment to water (Simon 
1989), thus affecting the primary production of 
coastal areas (Middelburg and Soetaert 2005). 
Sediment–water processes also relocate fine sed-
iments to deeper areas (Håkanson and Jansson 
1983, Gabrielson and Lukatelich 1985, Petticrew 
and Kalff 1991, Christiansen et al. 2002, Zier-
vogel and Bohling 2003) thus affecting the sedi-
ment quality distribution of shallow areas.

Main factors that control sediment resuspen-
sion in shallow areas are wind-induced waves 
and currents, fetch size, sediment quality and 
bottom topography (Evans 1994). Wind-induced 
resuspension depends on speed, duration and 
direction of the wind (Håkanson 1977, Ward 
1985) together with shore topography that can 
be described by fetch calculation (Anon. 1984, 
Ekebom et al. 2003). Resuspension occurs when 
bottom shear stress exceeds a critical shear stress 
value for the sediment bed in question (Evans 
1994), and hence the potential for sediment 
to resuspend depends on the sediment quality 
(Bengtsson et al. 1990, Ziervogel and Bohling 
2003). Shear stress can be described by bottom-
sediment water content and grain size (Håkanson 
and Jansson 1983). In non-cohesive sediments, it 
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can be generalized that the smaller the grain size, 
the lower critical stress is needed for resuspen-
sion to occur (Shields 1936). However, in the 
case of cohesive sediments such as mud plan-
kets or organic detritus, the relationship between 
critical shear stress and particle size is less clear 
(Partheniades 1993, Lau and Droppo 2000). 
Water depth is also a prominent factor by setting 
the limit for the wave height reaching bottom 
sediment (Carper and Bachmann 1984).

Shallow and sheltered coastal areas are com-
monly colonized by aquatic macrophytes, which 
have been observed to attenuate water movement 
(Fonseca et al. 1982, Machata-Wenninger and 
Janauer 1991) thus inhibiting sediment resuspen-
sion (Dieter 1990, Hamilton and Mitchell 1996, 
Horppila and Nurminen 2001). As reviewed by 
Madsen et al. (2001), the relationship between 
water movement and aquatic vegetation is bidi-
rectional: macrophyte stands may affect sedi-
ment quality due to enhanced sedimentation rates 
(James and Barko 1990, Petticrew and Kalff 
1992), and wave energy can regulate macrophyte 
distribution (Koch 2001) and cause damage to 
macrophytes (Stewart et al. 1997). As sediment 
quality is an important factor in resuspension-
born nutrient loading, the development and area 
of macrophyte stands may have an effect on the 
amount of nutrients released from the sediment 
(Søndergaard et al. 1992, Barko and James 1998, 
Horppila and Nurminen 2001, Horppila and Nur-
minen 2003).

Coastal eutrophication is a threat to marine 
ecosystems of the archipelago areas typical to 
the northern part of the Baltic Sea (Bonsdorff et 
al. 1997). As resuspension can constitute a sub-
stantial proportion of the internal nutrient loading 
in shallow water areas (Simon 1989, Kristensen 
et al. 1992, Søndergaard et al. 1992, Niemistö 
and Horppila 2007) and increase productivity 
(Fanning et al. 1982, Hellström 1991, Wallin and 
Håkanson 1992), studies on sediment resuspen-
sion can produce new information on nutrient 
dynamics and eutrophication in coastal areas of 
the Baltic Sea. The importance of sediment resus-
pension to nutrient recycling and the trophic level 
of coastal areas in the Baltic Sea was presented 
by Wallin and Håkanson (1992), and the signifi-
cance of oxidized organic-rich sediments as phos-
phorus source in the Gulf of Finland discussed by 

Lehtoranta (2003). The aims of this study were: 
(1) to quantify sediment resuspension in shallow 
and sheltered coastal areas in the brackish Gulf 
of Finland, (2) to quantify factors affecting sedi-
ment resuspension and create a simple empirical 
linear model to depict factors affecting sediment 
resuspension and to predict resuspension in areas 
similar to the study area, and (3) to estimate the 
level of total phosphorus loading to water column 
caused by resuspended matter in shallow near-
shore areas.

Material and methods

Study area

The study was carried out in the vicinity of 
the Tvärminne Zoological Station in the coastal 
areas of the western Gulf of Finland, Baltic Sea 
(59°50´N, 23°18´E) during 19 May–29 Septem-
ber 2009 (Fig. 1). Sampling stations (6 locations, 
10 sampling stations in total) were selected to 
represent sheltered and semi-exposed locations 
based on average fetch calculation by Suominen 
et al. (2007). The range of average fetch at the 
locations was 90–524 m, which is character-
istic to clay, sandy and till shores (Tolvanen 
and Suominen 2005). The locations were also 
selected to include areas with emergent and 
submerged macrophyte stands and areas with no 
vegetation. Water depth at the sampling locations 
was 1.0–1.4 m.

Data collection

At each sampling station, three replicate sedi-
mentation traps were placed inside emergent 
vegetation stands (Stations EM, 10 m from 
shoreline), adjacent open water containing sub-
merged macrophytes (Stations SM, 10 m from 
shoreline or emergent stand if present) or unveg-
etated areas (Station OP, 10 m from shoreline or 
emergent stand if present). There were a total of 
4 emergent macrophyte stations (1-EM, 2-EM, 
3-EM, 6-EM), 4 submerged macrophyte stations 
(1-SM, 2-SM, 4-SM, 5-SM) and 2 unvegetated 
areas stations (3-OP, 6-OP). Sediment and seston 
sampling as well as emptying of sediment traps 
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were conducted in total of 9 times during the 
study at 14-d intervals, excluding the last period 
(21 d). The traps were consisted of plastic tubes 
with the inner diameter of 54 mm and length/
width ratio of 6, which is best suited for rela-
tively calm flow conditions (Bloesch and Burns 
1980). The traps were placed on the bottom. The 
upper part of the tube was fitted with an external 
buoyant-foam plastic ring placed 5 cm from the 
top in order to keep the tube vertically aligned. 
The top of the tube collecting the suspending 
matter was 40 cm above the sediment surface.

Vegetation density was measured as number 
of stems per area (stems m–2) for emergent mac-
rophytes (Phragmites australis, stations 1-EM, 
2-EM, 3-EM, 6-EM), and as a percentage of 
volume infested (PVI) for submerged macro-
phytes (Potamogeton perfoliatus, 1-SM, 2-SM, 
4-SM, 5-SM, Myriophyllum spicatum, 2-SM, 
and Potamogeton pectinatus, 1-SM, 2-SM). The 
sediment resuspension rate at each location was 
calculated using the method by Gasith (1975), 
which can be applied to shallow areas. This 
method is based on the assumption that the con-
tent of organic matter in the bottom sediment dif-
fers from that of suspended seston. The method 
uses the following equation:

 R = S(CS – CT)/(CSS – CT) (1)

where R is the sediment resuspension rate 
(g DW m–2 d–1), S is the entrapped settling flux 
(g DW m–2 d–1), CS is the organic fraction of gross 
sedimentation (%), CSS is the organic fraction of 
surface sediment (%), CT is the organic fraction of 
suspended matter in water column (%).

The dry weight of suspended matter equiva-
lent to water volume of sediment trap was sub-
tracted from the gross sedimentation (Gasith 
1975, Bloesch 1994) by siphoning the trap and 
transporting material to a dish. The organic-matter 
content of the trap material was measured by loss 
on ignition (LOI): samples were ignited for 2 h at 
550 °C as commonly used in resuspension stud-
ies (Weyhenmeyer 1997). Trapped material was 
analyzed for total phosphorus (Murphy and Riley 
1962). Seston samples (three replicates from each 
station) were taken from the water column with a 
tube sampler, filtered through a Whatman GF/C 
filter and analysed for suspended solids and LOI. 

Filtered and unfiltered water was analyzed for 
total phosphorus. Surface sediment samples were 
taken with an Ekman sampler (a corer was used 
in station 6-EM due to high organic-matter con-
tent) at each station every time the traps were 
sampled (three replicates, 0–1 cm layer) and 
analysed for LOI. Total phosphorus was analyzed 
from sediment in accordance with methods used 
for trapped material. Total phosphorus flux from 
resuspension was obtained by multiplying the 
resuspension rate by total phosphorus content of 
the surface sediment. Weather data were collected 
with the Gavis GroWeather station maintained by 
the Tvärminne Zoological Station. Wind speed 
and direction was measured in 30-minute inter-
vals throughout the study period. Water level data 
recorded at the Hanko station (59°77´N, 22°95´E) 
were obtained from the Finnish Meterological 
Institute (FMI). Fetch length data originated from 
the UTU Marine Shore Fetch Data 2007 database 
provided by Suominen et al. (2007). The data 
contain fetch direction (in meters) calculated for 
48 directions, average fetch (Ekebom et al. 2003) 
and maximum effective fetch (Håkanson and 
Jansson 1983, Anon. 1984) for points located in 
10-meter intervals on the shoreline. Wave length 
and period was determined from the wind and 
fetch data (Anon. 1984). A theoretical shear stress 
model by Hamilton and Mitchell (1996) was used 
to determine shear stress for point locations.

Statistical analysis

Sediment resuspension was predicted with 
a stepwise linear regression model using the 
pooled field data. Spearman’s correlation was 
used to the test model performance by analysing 
correlation between model results and measured 
values not used in the regression model param-
eterization. Correlation and regression analyses 
were carried out with SPSS Statistics software 
ver. 15.0.

Results

Sediment resuspension

Mean resuspension during the entire study period 
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(133 d) at all stations was (mean ± SD) 14 ± 6 g 
DW m–2 d–1, which results in a total resuspension 
of 1.8 ± 0.8 kg DW m–2 in 133 d and an annual 
average of 4.9 ± 2.4 kg DW m–2. Average gross 
sedimentation was 20 ± 8 g DW m–2 d–1, indicat-
ing that on average 70% of the gross sedimenta-
tion originated from resuspension. Based on the 
average resuspension rate and the average total 
phosphorus concentration in the surface sediment 
(0.5 mg g–1 DW) in the study area, resuspension-
born phosphorus loading was 7 mg m–2 d–1. The 

average resuspension rate during the entire study 
period was the lowest (8.4 ± 4.3 g DW m–2 d–1) 
at emergent macrophyte station 1-EM and the 
highest at open water station 6-OP (22.1 ± 7.3 
g DW m–2 d–1) (Fig. 2). The maximum resuspen-
sion rate during a single measurement period was 
29.2 ± 0.8 g DW m–2 d–1 recorded at open-water 
station 3-OP during the first period (Table 1). Var-
iation in resuspension of phosphorus among sta-
tions was over 10-fold. Contrary to the resuspen-
sion rate of dry matter, the highest rate of average 

Fig. 2. mean (± sD) daily rates of sediment resuspension (g DW m–2 d–1) and total phosphorus resuspension 
(mg m–2 d–1) during the study at each sampling station (top) and during different periods (bottom).



478 Kaitaranta et al. • Boreal env. res. vol. 18

Table 1. sediment resuspension rate (R, mean ± sD, g DW m–2 d–1), phosphorus resuspension (RP, mean ± sD, mg 
m–2 d–1) and total phosphorus concentration in sediment (Ps, mg g–1) at the sampling stations during the study period 
(station locations 1–6, em = emergent macrophyte stand, sm = submerged macrophyte stand, oP = open water).

 2 June 16 June 30 June 14 July 28 July 11 aug. 25 aug. 8 sep. 29 sep.

1-em
 R 6.5 ± 1.8 17.0 ± 1.0 6.3 ± 0.1 9.4 12.4 ± 2.3 4.3 ± 0.3 6.1 ± 0.6 7.3 ± 1.3 4.8 ± 1.6
 RP 1.3 ± 0.4 3.4 ± 0.2 1.3 ± 0.0 2.5 3.1 ± 0.7 0.8 ± 0.1 0.9 ± 0.1 2.3 ± 0.4 1.0 ± 0.3
 Ps 0.2 0.2 0.2 0.3 0.3 0.2 0.1 0.3 0.2
1-sm
 R 24.6 ± 2.9 21.1 ± 1.5 16.0 ± 2.1 18.0 13.2 ± 3.0 5.2 ± 0.5 7.6 ± 0.3 8.7 ± 1.0 7.4 ± 1.4
 RP 5.6 ± 0.6 4.7 ± 0.8 4.0 ± 0.6 3.9 2.9 ± 0.6 0.5 ± 0.1 1.9 ± 0.1 2.8 ± 0.3 0.7 ± 0.1
 Ps 0.2 0.2 0.3 0.2 0.2 0.1 0.2 0.3 0.1
2-em
 R 17.5 ± 1.7 18.8 ± 3.8 18.0 ± 3.2 15.4 ± 4.1 12.0 ± 2.2 10.5 ± 1.1 11.0 ± 1.2 9.9 ± 0.6 7.1 ± 0.3
 RP 8.1 ± 0.9 12.9 ± 2.7 7.9 ± 1.3 8.2 ± 2.0 8.4 ± 1.5 6.2 ± 0.6 7.3 ± 0.8 6.4 ± 0.4 3.6 ± 0.2
 Ps 0.5 0.7 0.4 0.5 0.7 0.6 0.7 0.6 0.5
2-sm
 R 19.7 ± 2.6  24.6 25.0 ± 4.5 13.8 ± 2.2 9.3 ± 1.1 10.3 ± 4.2 9.4 ± 1.3 7.3 ± 0.8
 RP 9.5 ± 1.3  17.1 14.9 ± 2.7 9.7 ± 1.5 5.6 ± 0.6 8.9 ± 3.8 3.6 ± 0.5 4.6 ± 0.5
 Ps 0.5 0.7 0.7 0.6 0.7 0.6 0.9 0.4 0.6
3-em
 R 7.4 ± 2.0 12.6 ± 2.2 14.7 ± 1.0 14.2 ± 1.5 13.1 ± 2.8 9.7 ± 0.6 9.5 ± 1.6 8.4 ± 1.8 6.9 ± 1.2
 RP 3.2 ± 0.8 9.9 ± 1.8 4.5 ± 0.3 6.0 ± 0.6 3.0 ± 0.6 6.5 ± 0.4 5.2 ± 1.0 1.5 ± 0.9 2.6 ± 0.3
 Ps 0.4 0.8 0.3 0.4 0.2 0.7 0.6 0.2 0.4
3-oP
 R 29.2 ± 0.8 21.0 ± 4.5 22.0 ± 1.7 17.3 17.9 ± 0.2 16.0 ± 0.4 9.9 ± 1.2 12.0 ± 2.2 10.0 ± 1.8
 RP 17.2 ± 0.5 12.5 ± 2.7 15.9 ± 1.2 10.8 12.0 ± 0.2 4.7 ± 0.1 4.9 ± 0.6 8.3 ± 1.5 7.4 ± 1.3
 Ps 0.6 0.6 0.7 0.6 0.7 0.3 0.5 0.7 0.7
4-sm
 R 17.0 ± 5.2 18.3 ± 4.1 22.3 ± 2.1 16.9 ± 2.3 9.0 ± 1.6 4.1 ± 0.9 8.2 ± 0.6  8.8 ± 0.7
 RP 7.8 ± 2.6 4.8 ± 1.2 8.8 ± 0.8 5.8 ± 0.8 2.8 ± 0.5 0.8 ± 0.2 2.2 ± 0.2  2.8 ± 0.2
 Ps 0.5 0.3 0.4 0.3 0.3 0.2 0.3 0.2 0.3
5-sm
 R  21.5 19.3 ± 0.5 10.5 ± 3.1 11.4 ± 1.6 5.7 ± 0.3 8.9 ± 0.9 9.3 ± 1.0 6.2 ± 1.8
 RP  3.0 3.2 ± 0.3 2.2 ± 0.6 3.0 ± 0.5 0.6 ± 0.0 1.4 ± 0.2 1.3 ± 0.1 1.0 ± 0.4
 Ps 0.2 0.1 0.2 0.2 0.3 0.1 0.2 0.1 0.2
6-em
 R  25.5 ± 1.3 12.4 ± 2.7 19.3 ± 2.2 18.3 ± 1.7 8.3 ± 2.2 8.8 ± 1.3 13.6 ± 1.1 9.4 ± 1.3
 RP  45.0 ± 2.3 22.7 ± 4.9 29.4 ± 3.3 27.7 ± 2.6 15.0 ± 4.0 12.9 ± 2.0 20.2 ± 1.7 16.8 ± 2.3
 Ps 1.6 1.8 1.8 1.5 1.5 1.8 1.5 1.5 1.8
6-oP
 R  29.1  25.4 ± 0.8 26.5 ± 7.2 18.2 ± 3.7 23.5 ± 3.5 22.6 ± 3.3 10.5 ± 1.0
 RP  21.2  15.4 ± 0.5 14.9 ± 4.3 12.8 ± 2.6 8.3 ± 1.4 9.6 ± 1.3 3.3 ± 0.3
 Ps 0.5 0.7 0.3 0.6 0.6 0.7 0.4 0.4 0.3

phosphorus resuspension during the entire study 
period (23.7 ± 10.2 mg P m–2 d–1) was found 
among emergent macrophytes at station 6-EM. 
During the study period, average phosphorus 
concentration in the surface sediment samples 
(0.5 ± 0.4 µg mg–1) was lower than in sedimented 
matter (1.3 ± 0.4 µg mg–1). During the study 
period, the lowest rate of average phosphorus 
resuspension (1.6 ± 0.8 mg m–2 d–1) was found at 
station 1-EM. The rates of seston and phosphorus 

resuspension were the highest during the second 
period (2 June–16 June) and the lowest during 
the last period (8 September–29 September). The 
resuspension rate decreased towards the end of 
the study (Fig. 2).

The concentration of suspended solids in the 
water column varied between 1.5 mg l–1 and 11.0 
mg l–1 with the lowest value measured at station 
1-EM and the highest at station 2-SM. At all 
stations, the mean concentration of suspended 
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solids decreased towards the end of the study 
period. The organic fraction of suspended solids 
was lower during early summer and higher in 
mid-summer and autumn (Table 2).

Factors affecting sediment resuspension

macrophytes

At the start of the study period, submerged mac-
rophytes were absent from all stations (Table 2). 
Development of submerged vegetation stands 
was first observed at the beginning of June. The 
stands reached their maximum (35 PVI at 2-SM) 
at the beginning of September.

There were no emergent macrophyte stands 
at the start of study period; only withered stems 
from previous growing season were found and 
taken into account when calculating vegetation 
density. At all emergent macrophyte stations, 
vegetation growth started at the beginning of 
June and the maximum density was reached at 
the beginning of September. The highest stem 
density (68 stems m–2) was measured at station 
6-EM in August. No macrophytes were present 
at open-water stations 3-OP and 6-OP.

Wind and openness

The average wind speed during the study period 
was 5.4 m s–1, and the most frequent direction 
was from W-SW (Fig. 3). The maximum wind 
speed recorded within a measuremen period-
during varied between 8.0 m s–1 (28 July–11 
August) and 20.1 m s–1 (2–16 June). Due to 
changes in wind speed, wind direction and air 
pressure, the water level varied between the 
minimum of –20 cm recorded at the beginning 
of the study period and the maximum of +35 
cm recorded at the end of the study period. 
The mean fetch at all stations was 208 m (max. 
524 m at station 4 and min. 90 m at station 3).

sediment properties

The organic-matter content of the surface sedi-
ment varied between 0.5% and 22.4%, with a 

mean ± SD for all the stations being 4.3% ± 5.8%. 
The lowest values were measured for the sandy 
bottoms of stations 1-SM and 5-SM (Table 2), 
and the highest value was recorded for the muddy 
sediment at station 6-EM. There was a strong cor-
relation between the organic fraction of surface 
sediment and the total phosphorus concentration 
(rS = 0.87, p < 0.01, n = 88). The total phospho-
rus concentrations in the sediments ranged from 
0.2 to 1.5 mg g–1 and were the lowest at stations 
1-EM, 1-SM and 5-SM and the highest at station 
6-EM (Table 1).

Resuspension model

A multivariate linear regression model was cre-
ated with a stepwise method to predict the mass 
of resuspended matter and to test the environ-
ment variables affecting sediment resuspension. 
The variables used in the regression analysis in 
order of significance were density of emergent 
macrophytes, density of submerged macrophytes, 
maximum wind speed from the open directions 
and organic fraction of sediment. The maximum 
wind speed from a direction where fetch > 100 m 
recorded during the study period turned out to be 
the best variable in predicting sediment resuspen-
sion in the linear regression with the standard-
ized coefficient β = 0.36, and was included in 
the model to represent wind-induced forcing on 
sediment resuspension. Wind-induced forcing on 
resuspension was also described as calculated the-
oretical shear-stress values according to Hamilton 
and Mitchell (1996), but was excluded from the 
regression model due to lack of predictive power. 
Also, wind speed or fetch alone did not improve 
predictions. In addition to wind-fetch calculation, 
wave energy estimation was carried out based 
on theoretical wave lengths using equations by 
Carper and Bachmann (1984), but with no suc-
cess in improving the model prediction. The use 
of water level as an explanatory variable was also 
not successful in improving model performance.

Resuspension is thus predicted by the linear 
equation:

 R = a + β1DE + β2DS + β3WM + β4 ¥ CSS, (2)

where R is the resuspension rate (g DW m–2 d–1), 
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DE is the density of emergent macrophytes (m–2), 
DS is the density of submerged macrophytes 
(PVI, %), WM is the maximum wind speed from 
a direction where fetch > 100 m (m s–1).

The regression model was parameterized 
based on the field data (n = 233) using ran-
domly selected 133 measurements and validated 
by plotting 100 model results against residual 100 

Table 2. emergent macrophyte density (De, mean ± sD, stems m–2), submerged macrophyte density (Ds, mean ± 
sD, Pvi), organic fraction of gross sedimentation (Cs, mean ± sD, %), organic fraction of surface sediment (Css, %) 
and organic fraction of seston suspended in the water (Ct, mean ± sD, %) in sampling stations (station locations 
1–6, em = emergent macrophyte stand, sm = submerged macrophyte stand, oP = open water).

 2 June 16 June 30 June 14 July 28 July 11 aug. 25 aug. 8 sep. 29 sep.

1-em
 De 15.3 ± 5.0 20.3 ± 8.4 33.6 ± 6.5 30.8 ± 4.6 42.0 ± 7.0 60.0 ± 8.7 61.3 ± 6.1 59.3 ± 3.1 52.3 ± 7.5
 Cs 20.7 ± 0.6 24.5 ± 1.0 25.4 ± 2.8 24.6 ± 4.4 25.8 ± 1.0 20.4 ± 1.1 25.4 ± 1.4 24.3 ± 1.2 21.3 ± 2.5
 Css 0.8  1.2 0.9 1.0 1.1 1.2 1.4 1.5
 Ct 56.1 ± 2.0 67.5 ± 2.0 59.5 ± 2.0 74.0 ± 2.9 71.0 ± 1.9 64.3 ± 3.7 72.8 ± 3.9 70.2 ± 4.7 80.6 ± 2.8
1-sm
 Ds 0 8.0 ± 2.0 10.7 ± 3.1 19.0 ± 3.6 22.7 ± 3.1 24.0 ± 5.3 25.0 ± 5.0 25.0 ± 5.0 23.7 ± 4.0
 Cs 15.0 ± 1.7 19.2 ± 0.1 15.7 ± 0.6 18.8 ± 0.8 23.7 ± 0.7 22.0 ± 0.6 21.7 ± 1.6 23.6 ± 0.5 20.3 ± 1.7
 Css 0.8 0.7 0.9 0.6 1 0.8 1.0 0.9 0.5
 Ct 51.7 ± 4.4 56.5 ± 5.2 64.4 ± 5.6 72.0 ± 0.5 62.5 ± 2.9 64.9 ± 1.1 69.6 ± 1.6 57.8 ± 1.4 60.7 ± 2.1
2-em
 De 5.3 ± 5.0 17.7 ± 4.7 24.3 ± 4.0 26.3 ± 2.1 39.3 ± 7.5 44.3 ± 10.0 41.7 ± 10.4 40.7 ± 11.0 34.7 ± 11.4
 Cs 19.3 ± 1.5 20.5 ± 1.7 15.9 ± 2.9 23.9 ± 5.3 26.8 ± 5.8 21.1 ± 1.3 19.8 ± 1.1 20.8 ± 0.8 19.7 ± 1.2
 Css 2.9 3.7 2.3 2.7 2.2 3.1 3.4 3.6 3.3
 Ct 37.6 ± 0.5 55.2 ± 3.7 55.8 ± 2.5 53.6 ± 3.9 60.5 ± 6.3 68.9 ± 5.0 59.9 ± 2.0 56.6 ± 0.7 61.3 ± 0.8
2-sm
 Ds 0 0 10.0 ± 2.0 15.3 ± 5.0 20.0 ± 3.5 26.0 ± 1.7 30.0 ± 0.0 35.0 ± 0.0 31.3 ± 1.2
 Cs 18.3 ± 0.6 14.3 ± 7.5 16.9 ± 2.5 16.9 ± 3.3 22.3 ± 0.5 19.4 ± 0.8 19.5 ± 2.5 19.5 ± 0.7 19.7 ± 0.5
 Css 2.0 4.2 3.5 3.5 4.8 2.9 6.5 5.0 4.3
 Ct 36.8 ± 0.7 48.8 ± 1.8 53.4 ± 1.6 53.4 ± 7.3 69.9 ± 3.1 52.0 ± 3.2 65.1 ± 4.4 66.7 ± 1.2 66.9 ± 1.2
3-em
 De 8.0 ± 2.0 21.3 ± 3.1 27.7 ± 9.3 36.3 ± 3.8 43.7 ± 5.5 46.0 ± 7.0 45.3 ± 9.5 42.0 ± 11.1 29.3 ± 14.5
 Cs 28.7 ± 2.1 25.8 ± 2.6 24.6 ± 2.7 24.0 ± 0.7 23.8 ± 0.4 22.1 ± 0.8 23.1 ± 0.8 20.9 ± 0.7 22.2 ± 1.5
 Css 3.9 5.7 3.6 4.5 1.7 0.5 7.5 0.8 2.9
 Ct 35.2 ± 2.6 47.4 ± 1.3 53.1 ± 4.1 63.6 ± 3.6 63.6 ± 2.7 63.1 ± 13.2 65.1 ± 3.0 70.3 ± 2.3 59.2 ± 2.9
3-oP
 Cs 12.3 ± 6.4 17.5 ± 0.8 15.6 ± 0.8 16.4 ± 3.0 19.7 ± 0.2 18.2 ± 1.1 18.0 ± 2.6 21.1 ± 2.1 17.8 ± 1.8
 Css 2.5 4.4 5.0 4.3 3.9 4.0 2.7 6.0 5.3
 Ct 36.6 ± 2.3 43.8 ± 0.5 59.3 ± 5.2 59.8 ± 3.9 63.6 ± 1.7 60.1 ± 1.8 60.3 ± 3.4 55.3 ± 1.1 56.6 ± 0.2
4-sm
 Ds 0 0 0 3.3 ± 2.9 8.3 ± 2.9 13.3 ± 2.9 19.3 ± 1.2 20.0 ± 0.0 20.0 ± 0.0
 Cs 15.3 ± 2.1 17.2 ± 3.7 12.4 ± 3.0 22.5 ± 0.5 24.3 ± 0.8 26.2 ± 2.6 28.9 ± 0.5 23.8 ± 3.2 26.2 ± 0.4
 Css 0.6 0.5 0.7 0.6 1.1 0.7 0.7 0.9 2.0
 Ct 52.0 ± 1.8 66.5 ± 2.7 65.0 ± 3.3 72.0 ± 2.4 65.7 ± 2.0 80.7 ± 2.2 62.1 ± 3.2 75.1 ± 2.3 55.8 ± 1.9
5-sm
 Ds 0 0 1.7 ± 2.9 8.7 ± 1.2 13.3 ± 3.1 19.7 ± 4.5 28.3 ± 2.9 26.7 ± 2.9 20.7 ± 3.1
 Cs 12.7 ± 0.6 13.5 ± 5.1 7.2 ± 1.6 19.3 ± 1.0 20.2 ± 1.4 22.4 ± 0.6 20.4 ± 1.4 20.2 ± 0.9 20.6 ± 1.9
 Css 0.8 0.6 0.8 0.4 1.2 0.8 0.9 0.8 0.7
 Ct 43.6 ± 0.9 57.1 ± 3.3 60.7 ± 0.9 64.0 ± 2.5 56.8 ± 1.5 67.0 ± 1.3 68.9 ± 4.7 72.0 ± 3.8 54.9 ± 4.4
6-em
 De 16.7 ± 2.9 27.7 ± 1.2 45.7 ± 8.5 45.0 ± 9.2 58.0 ± 5.3 67.7 ± 2.5 63.7 ± 5.1 52.7 ± 3.1 39.0 ± 3.6
 Cs 34.5 ± 10.6 25.2 ± 2.3 29.0 ± 5.6 31.4 ± 1.2 23.3 ± 0.7 26.8 ± 3.1 26.1 ± 2.0 25.0 ± 0.8 20.3 ± 1.9
 Css 21.7 22.4 21.0 18.4 20.6 21.0 21.0 22.6 17.0
 Ct 46.6 ± 2.9 51.1 ± 7.3 67.4 ± 3.2 67.4 ± 2.5 63.8 ± 1.6 56.7 ± 2.7 58.1 ± 2.6 74.8 ± 4.3 66.0 ± 0.9
6-oP
 Cs 14.7 ± 0.6 17.4 ± 0.9 20.0 ± 4.8 20.0 ± 4.8 18.1 ± 1.4 18.1 ± 1.4 15.8 ± 1.2 18.9 ± 0.7 18.0 ± 0.8
 Css  4.1 4.6 4.6 2.5 5.0 1.7 1.5 1.7
 Ct 45.7 ± 2.6 49.4 ± 0.6 62.1 ± 6.2 62.1 ± 7.2 65.2 ± 5.7 49.6 ± 0.8 54.2 ± 1.8 70.5 ± 1.6 64.9 ± 0.2
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observations not used in the model parameteriza-
tion (Table 3). With the use of four explanatory 
variables the r2 value of the regression was 0.54, 
and 0.49 when three variables were used (exclud-
ing sediment organic fraction). All four vari-
ables were statistically significant (p < 0.01, see 
Table 3). When the model was tested by using 
the data (n = 100) that were not used for model 
parameterization, the Spearman correlation 
between observed and predicted values was 0.67.

Discussion

Sediment resuspension in shallow 
coastal areas

The average sediment resupension rate (14 ± 6 
g DW m–2 d–1) was lower and less variable as 
compared with fluxes of sediment measured in a 
more open areas in the Gulf of Finland (0.7–170 
g m–2 h–1) (Erm et al. 2011). The reason for 
lower variability is fetch of the study area and 
the absence of ship-generated waves. Sediment 
resuspension varied among sampling station and 
measurement periods, which was an expected 
result for the time series of sediment fluxes (Erm 
et al. 2011). The highest resuspension rate was 
2.5 times greater than the lowest one. Large 
spatial differencies were caused by fragmented 
and complex shoreline patterns creating several 
sheltered sediment accumulation areas even at 
shallow depths.

Sediment resuspension was higher at the 
beginning of the study. The high amount of 
sedimented matter during early summer can be 
caused by sedimentation of the vernal bloom 
(Blomqvist and Larsson 1994, Heiskanen and 

Fig. 3. Wind speed during measuring periods (left), and cumulative wind direction rose (right) for the study period.

Table 3. regression analysis results and parameters 
to predict sediment resuspension (g DW m–2 d–1): a is 
the constant value and β1–β4 values are coefficients 
for explanatory variables (density of emergent macro-
phytes (stems m–2), density of submerged macrophytes 
(Pvi), maximum wind speed from directions where 
fetch > 100 m (m s–1) and organic fraction of surface 
sediment (%), respectively.

variables a β1 β2 β3 β4 r 2

Parameter 11.71 –0.20 –0.30 0.86 0.26 0.54
p <  0.01 0.01 0.01 0.01
standardized
 coefficient  –0.64 –0.44 0.36 0.29

Leppänen 1995, Heiskanen et al. 1998). This 
newly formed unconsolidated organic material 
is frequently resuspended at near-shore loca-
tions (Bengtsson et al. 1990, Christiansen et al. 
2002). Decreases in sedimentation and resuspen-
sion during the study period can be caused by 
relocation of this autoctonous matter to deeper 
areas (Christiansen et al. 2002). However, at the 
beginning of the study period, the organic frac-
tion of suspended solids was lower indicating 
that a larger part of the suspended matter was 
of inorganic origin. Also the sedimentation of 
vernal bloom was likely to have occurred before 
the start of the study period.

The effect of aquatic vegetation on 
resuspension

Sediment resuspension was higher at the start 
of the macrophyte growing season and declined 
as macrophytes reached peak biomass support-
ing the hypothesis that developed macrophyte 
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stands inhibit sediment resuspension (Barko and 
James 1998). Average resuspension among mac-
rophyte stands was also lower than at the open-
water stations. This pattern was in concordance 
with earlier resuspension studies carried out in 
littoral areas (e.g. Dieter 1990, Horppila and 
Nurminen 2001, Horppila and Nurminen 2003), 
emphasizing resuspension inhibition caused by 
aquatic vegetation. Based on our results, sedi-
ment resuspension among macrophyte stands 
was life-form- and density-dependent. Among 
the tested resuspension model variables, the 
density of emergent macrophytes produced the 
highest standardized coefficient value (Table 3), 
indicating it to be the best predictive variable for 
sediment resuspension in the study area. Wave 
dampening effect of submerged macrophytes has 
also been previously found to be the highest in 
dense vegetation (Koch 2001), and resuspension 
reduction by macrophytes has been connected 
to high vegetation biomass (James et al. 2004). 
Life-form dependency of sediment resuspension 
in vegetation stands has previously been studied 
by Horppila and Nurminen (2005), who found 
that the effect of emergent and submerged veg-
etation was of similar magnitude but differed 
from the effect of floating-leaved vegetation 
(Nurminen and Horppila 2009). In this study, 
based on the standardized coefficient beta values 
of the regression analysis (Eq. 2 and Table 3) 
the resuspension-inhibiting effect of emergent 
macrophytes was higher than that of submerged 
macrophytes. The reason for this may be the dif-
ferences in the density and species of emergent 
macrophytes studied. Phragmites australis may 
form dense colonies: the highest density meas-
ured in this study was 68 stems m–2. Horppila 
and Nurminen (2005) reported that Typha angus-
tifolia reached a maximum of 22 stems m–2. The 
maximum densities (PVI) of submerged mac-
rophytes were 35% and 30%, in Horppila and 
Nurminen (2005) and in this study, respectively.

The phosphorus concentration in sediments 
among vegetation stands can be higher (Cham-
bers and Prepas 1994) or lower than in the open-
water area (Sand-Jensen 1998). In this study, 
the results were not uniform. Given the density 
dependency of the resuspension-inhibition effect 
of macrophytes (Koch 2001, James et al. 2004), 
here the difference may be caused by differences 

in densities of the stands. At station 6, higher 
stem density (up to 68 stems m–2) could reduce 
water momentum more efficiently than at station 
3 (density up to stems 46 m–2), which resulted in 
an increased sedimentation rate.

The organic-matter content in sediments at 
station 3 was the same in the emergent macro-
phyte stand and in the adjacent unvegetated area, 
and so was the total phosphorus content. This 
can be caused by the sheltered location, which 
promotes accumulation of organic matter in the 
sediments also in unvegetated areas.

The effect of wind speed and fetch on 
resuspension

In shallow waters, resuspension is mainly a 
wind-driven process (Carper and Bachmann 
1984, Gabrielson and Lukatelich 1985, Bengts-
son and Hellström 1992), which was also cor-
roborated by this study. The highest resuspen-
sion rate (average of all stations) and the maxi-
mum wind speed were recorded during the same 
period (2–16 June). Linearity assumption in 
wind–resuspension relation is debatable because 
of the observed threshold nature of critical shear 
stress (Miller et al. 1977). Nonlinear methods 
have been used in models (Simons 1986, Lou 
et al. 2000), however de Jonge and van Beuse-
kom (1995) and Kelderman et al. (2012) found 
that resuspension of muddy sediments can be 
described by a linear function of effective wind 
speed since surface area of resuspended sedi-
ment grows linearly with increasing wind speed. 
Gabrielson and Lukatelich (1985) found a com-
bination of fetch and duration of wind exceed-
ing a certain value to be the best predictor for 
sediment resuspension. In this study, duration 
of wind exceeding calculated shear stress values 
(Hamilton and Mitchell 1996) for each location 
did not show better predictive power than maxi-
mum wind speed. As Teeter et al. (2001) noted, 
some resuspension models have successfully 
used wind alone without calculation of wave 
characteristics directly. Thus, this was the con-
clusion also in our study with the difference that 
maximum wind  a direction where fetch > 100 
m was used. Also the calculation of theoretical 
critical shear stresses did not improve model 
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performance. For example, Hamilton and Mitch-
ell (1996) achieved better predictions based on 
calculated shear stresses as compared with that 
based on wind speed and wave characteristic. 
The reason behind differing conclusions can be 
that Hamilton and Mitchell (1996) modeled sus-
pended solid concentrations in the water column 
with a measuring interval of 2–3 weeks, and in 
this study, resuspension was a cumulative sum 
of sedimented material collected in a period of 
2–3 weeks. As James et al. (2004) stated, cal-
culated critical shear stress does not include the 
impacts of aquatic vegetation, which can also 
explain why it showed low predictive power 
in this study, where collected data consisted of 
resuspension measurements conducted mainly in 
emergent or submerged vegetation stands.

The calculation of exposure indexes together 
with wind data is a straightforward way to 
describe potential water movements at a certain 
point which showed predictive power in the 
empirical statistical model. Exposure indexes 
are most applicable for areas with nearly straight 
and smoothed shorelines. A value based on one 
single point does not necessarily represent the 
true in situ exposure conditions in fragmented 
archipelago areas as discussed by Ruuskanen et 
al. (1999). This is most evident at the more shel-
tered sides of small islands in the outer archi-
pelago (Kiirikki 1996).

Based on regional climate simulations, 
strengthening of wind extremes is expected to 
occur in the Baltic Sea region (Nikulin et al. 
2010). Considering the apparent wind-depend-
ency of resuspension in shallow areas found also 
in this study, it can be concluded that according 
to predictive models, the occurence of sediment 
resuspension in coastal areas of the Baltic Sea 
will increase. In addition, possible shortening of 
the ice-cover period in northern Europe (Meier 
2006) could result in a increased sediment resus-
pension (Niemistö and Horppila 2007).

The effect of macrophytes on sediment 
quality

The highest organic-matter content was meas-
ured at station EM-6, emergent macrophyte 
stand with the highest macrophyte density and 

low fetch. Based on the lake bottom classifi-
cation by Håkanson and Jansson (1983), this 
sediment would be classified as an accumulation 
bottom. The sediment total-phosphorus content 
varied between 0.2 and 1.5 mg g–1, which is 
generally low as compared with sediments from 
deeper areas (Carman and Jonsson 1991, Conley 
et al. 1997, Lehtoranta 2003). Sediments with 
lower organic-matter (0.9%–1.1%) and phos-
phorus contents (0.2 mg g–1) were found on open 
sandy bottoms common around Hanko Penin-
sula. Low nutrient concentrations in these less 
sheltered sediments is explained by organic sedi-
ment transport to deeper areas by wave energy 
(Jönsson et al. 2005).

High organic-matter content of surface sedi-
ment among emergent vegetation indicates that 
dense reed stands in sheltered locations can 
act as a trap for fine material. In this study, the 
highest phosphorus resuspension was measured 
in a dense, emergent macrophyte stand due to 
high phosphorus concentration in the surface 
sediment. Differences in the organic-matter con-
tent and phosphorus concentration in surface 
sediments found in this study indicate the spatial 
heterogeneity of sediments in the archipelago 
areas of the Gulf of Finland (Emelyanov 1988), 
and therefore also the high spatial differences 
in resuspension-based phosphorus loading. Con-
trary to the results reported by Lehtoranta et al. 
(1997) who found a negative correlation between 
the organic-matter content and phosphorus con-
centration in the sediment, in this study we found 
this correlation to be positive. This difference 
may be caused by the fact that we used surface 
(0–1 cm) sediments, which are likely to be 
deposited very recently, whereas Lehtoranta et 
al. (1997) used 0–10 cm profile data.

Organic matter of surface sediments is incor-
porated into a mobile fluff layer on the sediment 
surface (Stolzenbach et al. 1992, Emeis et al. 
2002, Ziervogel and Bohling 2003), which can 
act as a phosphorus reservoir for pelagic primary 
production (Laima et al. 2001). This mobile fluff 
layer comprises unconsolidated material com-
posed of aggregated biogenic and inorganic par-
ticles, which accumulate on the seafloor during 
calm weather conditions and are easily resus-
pended (Emeis et al. 2002) as well are character-
ized by low shear stress values (Ziervogel and 
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Bohling 2003). Resuspension of sediment with 
high organic-matter content in shallow areas 
found in this study may have similar effect on 
primary production as the described fluffy layer, 
despite probable different origin (decomposing 
epiphytic algae and macrophytes, detritus).

Resuspension and nutrient loading in 
the Gulf of Finland

In this study, resuspension contributed the major 
part (60%–89%) of the gross sedimentation, 
which is often the case in shallow areas (Gabri-
elson and Lukatelich 1985, Wallin and Håkanson 
1992, Blomqvist and Larsson 1994). Based on 
the resuspension and sediment sampling carried 
out by us, phosphorus resuspension in shal-
low coastal areas was 7 mg m–2 d–1. Using this 
estimate, regional projections of resuspension-
based internal phosphorus loading can be made. 
From the shore openness data of Suominen et 
al. (2007), it can be estimated that a total of 30 
km2 of littoral areas similar to the study area 
are located in the Gulf of Finland. Assuming 
constant resuspension to be of similar magnitude 
along the entire coastline, the total annual resus-
pension in these areas would be 153 000 tonnes 
dry weight, and the total annual phosphorus 
resuspension 77 tonnes. As compared with the 
riverine nutrient input in 2006 (HELCOM 2009), 
nutrient resuspension in the littoral areas would 
be as little as 1.5% of the external loading. 
Although internal phosphorus release is small 
as compared with the external loading, it origi-
nates from a small area (0.1% of total surface 
area), and therefore could have local importance 
for nutrient cycling. Extrapolation of the results 
from a small study area to a larger area — in 
this case northern coast of the Gulf of Finland 
— includes several uncertainties, spatial varia-
tion of sediment types (Emelyanov 1988) being 
one of the most obvious uncertainty. Temporal 
variation of sediment properties is discussed 
in the study of Christiansen et al. (2002), who 
concluded that sediment nutrient concentration 
in shallow waters shows no seasonal variation 
because of frequent resuspension.

The regression model with four explanatory 
variables derived from the empirical data was 

to some extent (r2 = 0.54) able to predict resus-
pension in the study area. When attempting to 
test the model fit against field the measurement 
data not used in the model parameterisation, 
the Spearman correlation of 0.67 was obtained 
which indicates that the model can be used for 
rough quantitative estimation of resuspension 
in coastal areas similar to the study area. Major 
sources of error and lowering of the predictive 
power of the model are stochastic processes that  
cause resuspension that were not included in 
the model as parameters, for example sediment 
resuspension caused by feeding of benthivorous 
fish (Breukelaar et al. 1994). Currents can bring 
resuspended matter that originated far away. In 
such situations, a sediment sample taken within 
close range of the trap does not necessarily rep-
resent a correct type of resuspended sediment, 
which can result in over- or underestimation 
of resuspension when using the Gasith (1975) 
method for defining the resuspended propor-
tion of sedimented matter. As indicated in this 
study, the resuspension rate in coastal areas 
varies highly spatially and temporally. In the 
resuspension model, the effect of currents and 
wind-induced water movement was modeled by 
using the maximum wind speed from directions 
where fetch is over 100 m as a proxy to describe 
the amount of water movement at the measure-
ment site during the measurement period. Better 
description of water movement causing sediment 
resuspension could be achieved by in situ meas-
urements of water movement and turbulence 
near the bottom sediment. Including this as a 
parameter in the model would likely increase its 
predictive power. In addition to the fetch value 
for the sampling site, spatial variation of sedi-
ment resuspension potential was attempted to 
be included in the model by using the sediment 
characteristics (LOI, %) of the sampling site 
as a model parameter. Errors in sampling and 
analytical procedures such as displacement of 
sedimented material from the traps during the 
sample collection and siphoning may reduce 
the amount of sedimented matter and thus the 
calculated resuspension value. The resuspension 
model is derived from the field data thus all 
errors related to the sampling lower its predictive 
power which can partly explain the relatively 
low r2 value of the regression. However, accord-
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ing to the regression analysis, all the explanatory 
variables used were statistically significant.

Conclusions

Sediment resuspension in shallow areas is a con-
tinuous process controlled by several variables. In 
this study, sediment resuspension in sheltered and 
semi-exposed shallow coastal areas was quanti-
fied. Based on the collected data, the most impor-
tant factor in regulating resuspension in shallow 
areas was the presence of aquatic macrophytes. 
Emergent macrophytes seem to dampen water 
movement more efficiently than submerged mac-
rophytes, which results in lower resuspension. 
Wind-induced waves and currents create water 
movement causing sediment to resuspend, and 
resuspension potential of the sediment depends 
on sediment properties, e.g. organic fraction of 
sediment.

This study indicates that the amount of nutri-
ents recycled from the sediment in shallow areas 
can be a remarkable addition to the nutrient con-
centrations in the water column and thus need to 
be integrated into nutrient budget models. Next 
step in quantifying nutrient loading from coastal 
areas would be to study sediment resuspension 
in deeper and more open transitional bottoms 
of archipelago areas and bays. Mapping of sedi-
ment quality and resuspension potential in these 
areas would shed light on internal nutrient load-
ing of oxygenated bottoms in coastal areas of the 
Baltic Sea.

Acknowledgements: This research was founded by the Onni 
Talas Foundation. Tvärminne Zoological Station provided 
weather data and point of support for field work. Raija Mas-
tonen and Jouko Saren carried out majority of the laboratory 
analyses. Sanna Laakso assisted in the field and laboratory 
works.

References

Anonymous 1984. Shore protection manual, vol. 1, 4th ed. 
U.S. Army Corps of Engineers, Coastal 407 Engineering 
Research Center, Washington D.C.

Barko J.W. & James W.F. 1998. Effects of submerged aquatic 
macrophytes on nutrient dynamics, sedimentation and 
resuspension. In: Jeppesen E., Søndergaard Mo., Sønder-
gaard Ma., Chistofferssen K. (eds.), The structuring role 

of submerged macrophytes in lakes, Ecological Studies 
131, Springer-Verlag, New York, pp. 197–214.

Bengtsson L., Hellström T. & Rakoczi L. 1990. Redistribu-
tion of sediment in three Swedish lakes. Hydrobiologia 
192: 167–181.

Bengtsson L. & Hellström T. 1992. Wind-induced resus-
pension in a small shallow lake. Hydrobiologia 241: 
163–172.

Bloesch J. & Burns N.M. 1980. A critical review of sedimen-
tation trap technique. Aquatic Sciences 42: 15–55.

Bloesch J. 1994. A review of methods used to measure sedi-
ment resuspension. Hydrobiologia 284: 13–18.

Blomqvist S. & Larsson U. 1994. Detrital bedrock elements 
as traces of settling resuspended particulate matter in a 
coastal area of the Baltic Sea. Limnology and Oceanog-
raphy 39: 880–896.

Bonsdorff E., Blomqvist E.M., Mattila J. & Norkko A. 1997. 
Coastal eutrophication: causes, consequences and per-
spectives in the Archipelago areas of the northern Baltic 
Sea. Estuarine, Coastal and Shelf Science 44: 63–72.

Breukelaar A.W., Lammens E.H.R.R. & Breteler J.G.P.K. 
1994. Effects of benthivorous bream (Abramis brama) 
and carp (Cyprinus carpio) on sediment resuspension 
and concentrations of nutrients and chlorophyll-a. 
Freshwater Biology 32: 113–121.

Carman R. & Jonsson P. 1991. The distribution patterns of 
different forms of phosphorus in some surficial sediment 
types of the Baltic Sea. Chemical Geology 90: 91–106.

Carper G.L. & Bachmann R.W. 1984. Wind resuspension of 
sediments in a prairie lake. Canadian Journal of Fisher-
ies and Aquatic Sciences 41: 1763–1767.

Chambers P.A. & Prepas E.E. 1994. Nutrient dynamics in 
riverbeds: the impact of sewage effluent and aquatic 
macrophytes. Water Research 28: 453–464.

Christiansen C., Edelvang K., Emeis K., Graf G., Jämlich S., 
Kozuch J., Laima M., Leipe T., Löffler A., Lund-Hansen 
L., Miltner A., Pazdro K., Pempkowiak J., Shimmield 
G., Shimmield T., Smith J., Voss M. & Witt G. 2002. 
Material transport from the nearshore to the basinal 
environment in the southern Baltic Sea I. Processes and 
mass estimates. Journal of Marine Systems 35: 133–150.

Conley D.J., Stockenberg A., Carman R., Johnstone R.W., 
Lahm R. & Wulff F. 1997. Sediment-water nutrient 
fluxes in the Gulf of Finland, Baltic Sea. Estuarine, 
Coastal and Shelf Science 45: 591–598.

de Jonge V.N. & van Beusekom J.E.E. 1995. Wind- and 
tide-induced resuspension of sediment and microphytob-
enthos from tidal flats in the Ems estuary. Limnology and 
Oceanography 40: 766–778.

Dieter C.D. 1990. The importance of emergent vegetation in 
reducing sediment resuspension in wetlands. Journal of 
Freshwater Ecology 5: 467–473.

Ekebom J., Laihonen P. & Suominen T. 2003. A GIS-based 
stepwise procedure for assessing physical exposure in 
fragmented archipelagoes. Estuarine, Coastal and Shelf 
Science 57: 887–898.

Emeis K., Christiansen C., Edelvang K., Jähmlich S., Kozuch 
J., Laima M., Leipe T., Löffler, A., Lund-Hansen L.C., 
Miltner A., Pazdro K., Pempkowiak J., Pollehne F., 
Shimmield T., Voss M. & Witt G. 2002. Material trans-



486 Kaitaranta et al. • Boreal env. res. vol. 18

port from the near shore to the basinal environment in 
the southern Baltic Sea II: Synthesis of the data on origin 
and properties of material. Journal of Marine Systems 
3: 151–168.

Emelyanov E.M. 1988. Biogenic sedimentation in the Baltic 
Sea and its consequences. In: Winterhalter B. (ed.), The 
Baltic Sea, Geological Survey of Finland, pp. 127–135.

Evans R.D. 1994. Empirical evidence of the importance 
of sediment resuspension in lakes. Hydrobiologia 284: 
5–12.

Erm A., Alari V., Lips I. & Kask J. 2011. Resuspension of 
sediment in a semi-sheltered bay due to wind waves 
and fast ferry wakes. Boreal Environment Research 16, 
suppl. A: 149–163.

Fanning K.A., Carder K.L. & Betzer P.R. 1982. Sediment 
resuspension by coastal waters: a potential mechanism 
for nutrient recycling on the ocean’s margins. Deep-Sea 
Research 29: 953–965.

Floderus S. & Håkanson L. 1989. Resuspension, ephemeral 
mud blankets and nitrogen cycling in Laholmsbukten, 
south east Kattegat. Hydrobiologia 176: 61–75.

Floderus S. & Pihl L. 1990. Resuspension in the Kattegat: 
impact of variation in wind climate and fishery. Estua-
rine Coastal and Shelf Science 31: 487–498.

Fonseca M.S., Fisher J.S. Zieman J.C. & Thayer G.W. 1982. 
Influence of the seagrass, Zostera marina L., on current 
flow. Estuarine, Coastal and Shelf Science 15: 351–358.

Gabrielson J.O. & Lukatelich R.J. 1985. Wind related 
resuspension of sediment in the Peel–Harvey estua-
rine system. Estuarine, Coastal and Shelf Science 20: 
135–145.

Gasith A., 1975. Tripton sedimentation in eutrophic lakes — 
simple correction for the resuspended matter. Verhoeven 
International Verein Limnologie 19: 116–122.

Hamilton D.P. & Mitchell S.F. 1996. An empirical model for 
sediment resuspension in shallow lakes. Hydrobiologia 
317: 209–220.

Heiskanen A.-S. & Leppänen J.M. 1995. Estimation of 
export production in the coastal Baltic Sea: effect of 
resuspension and microbial decomposition on sedimen-
tation measurements. Hydrobiologia 316: 211–224.

Heiskanen A.-S., Leppänen J.M. & Gundersen K. 1998. Sed-
imentation and pelagic retention of particulate C, N and 
P in the coastal northern Baltic Sea. Estuarine, Coastal 
and Shelf Science 46: 703–712.

HELCOM 2009. Eutrophication in the Baltic Sea. Baltic Sea 
Environment Proceedings BSEP115B, Helsinki.

Hellström T. 1991. The effect of resuspension on algal pro-
duction in a shallow lake. Hydrobiologia 213: 183–190.

Horppila J. & Nurminen L. 2001. The effect of an emergent 
macrophyte (Typha angustifolia) on sediment resuspen-
sion in a shallow north temperate lake. Freshwater Biol-
ogy 46: 1447–1455.

Horppila J. & Nurminen L. 2003. Effects of submerged mac-
rophytes on sediment resuspension and internal phos-
phorus loading in Lake Hiidenvesi (southern Finland). 
Water Research 37: 4468–4474.

Horppila J. & Nurminen L. 2005. The effects of different 
macrophyte growth forms on sediment and P resuspen-
sion in a shallow lake. Hydrobiologia 545: 167–175.

Håkansson L. 1977. The influence of wind, fetch, and 
water depth on the distribution of sediments in Lake 
Vänern, Sweden. Canadian Journal of Earth Sciences 
14: 397–412.

Håkansson L. & Jansson M. 1983. Principles of lake sedi-
mentology. Springer, Berlin.

James W.F. & Barko J.W. 1990. Macrophyte influences on 
the zonation of sediment accretion and composition in 
north-temperate reservoir. Archiv fur Hydrobiologie 120: 
129–142.

James W.F., Barko J.W. & Butöer M.G. 2004. Shear stress 
and sediment resuspension in relation to submersed 
macrophyte biomass. Hydrobiologia 515: 181–191.

Jönsson A., Danielsson Å. & Rahm L. 2005. Bottom type 
distribution based on wave friction velocity in the Baltic 
Sea. Continental Shelf Research 25: 419–435.

Kelderman P., Ang’weya R.O., De Rozari P. & Vijverberg T. 
2012. Sediment characteristics and wind-induced sedi-
ment dynamics in shallow Lake Markermeer, the Neth-
erlands. Aquatic Sciences 74: 301–313. 

Kiirikki M. 1996. Mechanisms affecting macroalgal zonation 
in the northern Baltic Sea. European Journal of Phycol-
ogy 31: 225–232.

Koch E.W. 2001. Beyond light: physical, geological, and 
geochemical parameters as possible submersed aquatic 
vegetation habitat requirements. Estuaries 24: 1–17.

Kristensen P., Søndergaard M. & Jeppesen E. 1992. Resus-
pension in shallow lake. Hydrobiologia 228: 101–109.

Laima M.J.C., Matthiesen H., Christiansen C., Lund-Hansen 
L.C. & Emeis K. 2001. Dynamics of P, Fe, Mn along 
depth gradient in the SW Baltic Sea. Boreal Environment 
Research 6: 317–333.

Lau Y.L. & Droppo I.G. 2000. Influence of antecedent con-
ditions on critical shear stress of bed sediments. Water 
Research 34: 663–667.

Lehtoranta J., Pitkänen H. & Sandman O. 1997. Sediment 
accumulation of nutrients (N, P) in the eastern Gulf of 
Finland (Baltic Sea). Water, Air and Soil Pollution 99: 
477–486.

Lehtoranta J. 2003. Dynamics of sediment phosphorus in the 
brackish Gulf of Finland. Monographs of Boreal Envi-
ronment Research 24: 1–58.

Lou J., Schwab D.J., Beletsky D. & Hawley N. 2000. A 
model of sediment resuspension and transport dynam-
ics in southern Lake Michigan. Journal of Geophysical 
Research 105: 6591–6610.

Machata-Wenninger C. & Janauer G.A. 1991. The measure-
ment of current velocities in macrophyte beds. Aquatic 
Botany 39: 221–230.

Madsen J.D., Chambers P.A., James W.F., Koch E.W. & 
Westlake D.F. 2001. The interaction between water 
movement, sediment dynamics and submersed macro-
phytes. Hydrobiologia 444: 71–84.

Meier H. 2006. Baltic Sea climate in the late twenty-first 
century: a dynamical downscaling approach using two 
global models and two emission scenarios. Climate 
Dynamics 27: 39–68.

Middelburg J.J. & Soetaert K. 2005. The role of sediments in 
shelf ecosystem dynamics. In Robinson A.R. & Brink K. 
(eds.), The sea, vol. 13, The Global Coastal Ocean Mul-



Boreal env. res. vol. 18 • Sediment resuspension and phosphorus loading in near-shore areas 487

tiscale Interdisciplinary Processes, Harvard University 
Press, Cambridge, pp. 353–373.

Miller M.C., McCave I.N. & Komar P.D. 1977. Threshold of 
sediment motion under unidirectional currents. Sedimen-
tology 24: 507–527.

Murphy J. & Riley J. 1962. A modified single-solution 
method for determination of phosphate in natural waters. 
Analytica Chimica Acta 27: 31–36.

Niemistö J. & Horppila J. 2007. The contribution of ice 
cover to sediment resuspension in a shallow temperate 
lake — possible effects of climate change on internal 
nutrient loading. Journal of Environmental Quality 36: 
1318–1323.

Nikulin G., Kjellström E., Hansson U., Strandberg G. & 
Ullerstig A. 2010. Evaluation and future projections 
of temperature, precipitation and wind extremes over 
Europe in an ensemble of regional climate simulations. 
Tellus 63A: 1–15.

Nurminen L. & Horppila J. 2009. Life form dependent 
impacts of macrophyte vegetation on the ratio of resus-
pended nutrients. Water Research 43: 3217–3226.

Partheniades E. 1993. Turbulence, flocculation and cohesive 
sediment dynamics. In: Mehta A.J. (ed.), Nearshore and 
estuarine cohesive sediment transport, American Geo-
physical Union, Washington, pp. 40–60.

Petticrew E.L. & Kalff J. 1991. Predictions of Surficial Sedi-
ment Composition in the Littoral Zone of Lakes. Limnol-
ogy and Oceanography 36: 384–392.

Petticrew E.L. & Kalff J. 1992. Water flow and clay retention 
in submerged macrophyte beds. Canadian Journal of 
Fisheries and Aquatic Sciences 49: 2483–2489.

Ruuskanen A., Bäck S. & Reitalu T. 1999. A comparison of 
two cartographic exposure methods using Fucus vesicu-
losus as an indicator. Marine Biology 134: 139–145.

Sand-Jensen K. 1998. Influence of submerged macrophytes 
on sediment composition and near-bed flow in lowland 
streams. Freshwater Biology 39: 663–679.

Shields A. 1936. Anwendung der Ähnlichkeitsmechanik 
und der Turbulenzforschung auf die Geschiebebewe-
gung. Mitteilungen der Preußischen Versuchsanstalt für 
Wasserbau und Schiffbau 26: 1–26.

Simon N.S. 1989. Nitrogen cycling between sediment and 
the shallow-water column in the transition zone of 
the Potomac river and estuary. II. The role of wind-
driven resuspension and adsorbed ammonium. Estuarine 

Coastal and Shelf Science 28: 531–547.
Simons T.J. 1986. The mean circulation of unstratified bodies 

driven by nonlinear topographic wave interactions. Jour-
nal of Physical Oceanography 16: 1138–1142.

Stewart R., McFarland D., Ward D. Martin S. & Barko J. 
1997. Flume study investigation of the direct impacts 
of navigation-generated waves on submersed aquatic 
macrophytes in the upper Mississippi River. Technical 
Report ENV Report 1, US Army Engineer Waterways 
Experiment Station, Vicksburg, MS. 

Suominen T., Kalliola R. & Tolvanen H. 2007. Exposure of 
the Finnish coasts — UTU Fetch data 2007. In: Kal-
liola R. & Suominen T. (eds.), Spatial modelling in 
coastal areas. Mapping of exposure, sea surface tem-
perature and shore occupation, UTULCC publications 
13, Department of Geography, University of Turku.

Søndergaard M., Kristensen P. & Jeppesen E. 1992. Phos-
phorus release from resuspended sediment in the shal-
low and wind exposed Lake Arresø, Denmark. Hydro-
biologia 228: 91–99.

Stolzenbach K.D., Newman K.A. & Wong C.S. 1992. Aggre-
gation of fine particles at the sediment-water interface. 
Journal of Geophysical Research 97: 17889–17898.

Tolvanen H. & Suominen T. 2005. Quantification of open-
ness and wave activity in archipelago environments. 
Estuarine, Coastal and Shelf Science 64: 436–446.

Teeter A.M., Johnson B.H., Berger C., Stelling G., Scheffner 
N.W., Garcia M.H. & Parchure T.M. 2001. Hydrody-
namic and sediment transport modeling with emphasis 
on shallow-water, vegetated areas (lakes, reservoirs, 
estuaries and lagoons). Hydrobiologia 444: 1–23.

Ziervogel K. & Bohling B. 2003. Sedimentological param-
eters and erosion behavior of submarine coastal sedi-
ments in the south-western Baltic Sea. Geo-Marine 
Letters 23: 43–52.

Wallin M. & Håkanson L. 1992. Morphometry and sedi-
mentation as regulating factors for nutrient recycling 
and trophic state in coastal waters. Hydrobiologia 235: 
33–45.

Ward L.G. 1985. The influences of wind waves and tidal cur-
rents on sediment resuspension in middle Chesapeake 
Bay. Geomarine Letter 5: 71–75.

Weyhenmeyer G. 1997. Quantification of resuspended parti-
cles in sedimentation traps. Verhandlungen des Interna-
tionalen Verein Limnologie 26: 271–276.


